Nanostructures are of increasing importance in manifold application fields like electronics, optics and beyond. However, the fast and cost-effective production of nanostructures is a big technological challenge for laser machining. One promising approach is the laser irradiation of thin metal layers, which allows the fabrication of metal nanostructures induced by a melting and deformation process. The influence of laser parameters (laser fluence, laser pulse number) on the morphology of the nanopatterned film and the dynamics of the nanostructure formation during excimer laser irradiation of a 20 nm chromium film on fused silica were studied. The dynamics of nanopatterning, comprising hole and droplet formation, were investigated by time-dependent reflection and transmission measurements as well as time-dependent optical microscopy. The resulting patterns were investigated by optical and scanning electron microscopy (SEM). However, for an optimization of this process a better understanding of the underlying physical phenomena is necessary. Therefore, experimental data of laserinduced nanopatterning were compared with results of physical simulations that consider the heat equation (laser-solid interaction including melting and evaporation) and the Navier-Stokes equation (deformation processes of the molten phase). The simulations, making use of laser fluence-dependent effective material parameters (surface tension and viscosity), are in good agreement with the experimental results.
Introduction
The fast and efficient fabrication of well-defined nanostructures is of scientific as well as of practical interest, targeting a growing market as a result of the ongoing miniaturization efforts in electronics and other application fields. However, the development of easy and cost-effective nanostructure technologies is a big challenge. Laserbased structuring methods have an outstanding potential for the fast and direct fabrication (no further fabrication steps are necessary) of nanostructures. In particular, self-organization effects such as fs laser-induced ripple structures [1] [2] [3] [4] , fs laser metal nanostructuring [5] [6] [7] , and ns laser nanostructuring of metal layers [8] [9] [10] are of high interest. Furthermore, laser ablation [11] [12] [13] [14] and laser etching [15] [16] [17] [18] methods allow the fabrication of vertical nm-precision and lateral sub-µm-precision structures in different solids: metals, semiconductors and dielectrics. The laser-induced nanostructuring of thin metal layers on dielectric surfaces due to laser-induced melting within a short time is well-known [19] [20] [21] [22] [23] [24] [25] . The irradiation of the metal film on dielectric surfaces with high laser fluences results in an ablation process of the metal layer and in a modification of the dielectric surfaces [23] [24] [25] . The nanosecond irradiation at low laser fluences causes a melting and deformation process of the metal layer and, finally, a droplet formation process [8-10, 26, 27] . The nanostructuring process involves different physical processes: photon-solid interaction [21, 22] , energy dissipation including phase transition, and solid-solid interaction (formation in unstable thin liquid films and other results) [10, [28] [29] [30] [31] [32] [33] [34] . In a good approximation the laser-induced melting deformation process can be physically described by a heat equation (laser-solid interaction) and some kind of Navier-Stokes equation (mass transport in liquid) [26] . The most studies of laser-induced nanostructuring by pulsed laser melting of thin films focus on the morphology of the achieved metal nanostructures and investigate the influence of fabrication process parameters such as laser fluence, pulse number, or metal film thickness. These morphological characteristics are discussed in relation to the mechanism and results from process simulations. Despite these studies, the mechanism of this laser-induced nanopatterning process is still in discussion. Therefore, for the identification of the underlying physical phenomena extended studies with a different focus are essential. Until now the dynamics of these processes are not experimentally studied in detail, but by providing such results more insight into the mechanism can be expected. Dynamic processes of laser ablation and pattern formation can be studied by pump probe experiments [35] . The aim of this study is to analyse the dynamics of the laser-induced deformation process of metal layers by time-dependent reflection and transmission measurements as well as time-dependent optical imaging of the surface by a pump-probe set-up. This paper is mainly focussed on the basic parameters of the melting deformation process like the life time of the liquid phase and the velocity of the deformation process where the experimentally estimated parameters were compared with theoretically predicted values.
Experimental details
The time-dependent melting deformation of 20 nm chromium magnetron-sputtered on fused silica (double-sided polished, surface roughness 0.25 nm rms, peak-to-valley value: 1.2 nm, thickness 380 µm) was measured applying a pump-probe set-up (see Fig. 1 ). The chromium layer exhibits a surface roughness of ~ 0.3 nm and a peak-to-valley value of ~ 2 nm.
The melting process was induced by a KrF excimer laser with a wavelength of  = 248 nm and a pulse duration of t p = 25 ns. A homogeneous part of the laser was selected by an aperture and imaged to the sample surfaces by a lens to an area of ~1 mm². By changing the pulse energy of the laser an excimer laser fluence of up to 7 J/cm² can be achieved. In addition, the sample surfaces were irradiated with a red cw diode laser ( = 660 nm, P = 130 mW) and the time-dependent transmitted and reflected laser beam intensity was measured with photodiodes (rise time t ph = 1 ns) and a 1 GHz oscilloscope. The experimental set-up allows the recording of the transmission and reflection signals with a temporal resolution of better than 3 ns and a precision of less than 2 ns to the actual excimer laser pulse, which was used as reference signal for the experiments and the graphs (t = 0, e.g. see Fig. 2 b) . An aperture/filter combination in front of the photodiodes was used to reduce the influence of the UV and green laser onto the measured reflection and transmission. For the direct time-dependent optical imaging of the metallic surface structure the sample was irradiated by an electronically delayed N 2 -pumped green dye laser (Coumarin 153,  = 543 nm, t p = 1 ns, E = 1mJ). The sample surface structures were imaged in transmission and in bright field mode by a 20x objective that was optically corrected to the fused silica sample thickness on an external triggered CCD camera with a gate time of less than 1 ms. The image quality was improved by a band pass filter system for blocking UV and red laser radiation. The time delay between the KrF excimer laser, the dye laser, and the gate signal of the camera was adjusted by a freely programmable pulse and delay generator. The pulsed dye (green) laser with a laser fluence of approx. 1 mJ/cm² may influence the sample heating slightly but only after the probe pulse (the dye laser typically emitted 20 µs after the excimer laser); hence, the image shows only morphological alterations of the samples due to the excimer laser pulse. Furthermore, a crucial influence of red cw laser radiation on the metal layer/dielectric system was excluded by a long-time (t > 10 s) analysis of the reflection and transmission signals, which yielded that the red cw laser radiation does not influence the optical signal. This means that a red cw laser-induced distinct increasing of the surface temperature and a modification of the metal layer can almost be excluded. The resultant structures were analysed by optical and scanning electron microscopy (SEM).
Experimental results
The 20 nm Cr/fused silica samples were irradiated with a KrF excimer laser applying different laser fluences and numbers of laser pulses. Within the experiments the laser irradiation was especially performed with high and low laser fluences where the maximum expedient laser fluences are defined by the ablation threshold. For the complete removal of the chromium layer with 1 pulse  th eva (N=1)~ 2 J/ cm² are necessary where this value decreased at increasing number of laser pulses. The experimental findings was separated into a high and low fluence part, where the for the high fluence part the results for a laser fluence of 750 mJ/cm² and for the low laser fluence part of 480 mJ/cm² are exemplary presented. In Fig. 2 (a) the SEM images of chromium-covered fused silica irradiated with different laser pulse numbers at a laser fluence of  = (750 ± 50) mJ/cm² are shown. The irradiation of the homogeneous covered fused silica (see Fig. 2 (a) at N = 0) results in a distinct modification of the topography of the metal layer already at the first pulse (see Fig. 2 (a) at N = 1), i.e., in surface roughening and an incomplete droplet formation. The interaction of the second laser pulse with this modified, roughened chromium surface causes a complete droplet formation (see Fig. 2 (a) N = 2). From this SEM image at N = 2 a droplet diameter of (0.9 ± 0.4) µm can be determined. Further laser pulses implicate much less modification of the droplets (see Fig. 2 (a) N = 3). The optical images are limited, due to the low optical resolution (1 pixel = 1.25 µm) in comparison to the droplets size. However, the optical measurement allows to display the variation of the chromium on the fused silica (especially the hole formation process, see Fig. 3 ). A better way for the optical study of the modification of the metal layer is the analysis of the reflection and transmission signals.
High fluence range
The measured time-dependent reflection and transmission light of the cw probe laser at the first, second, and third pulse is shown in Fig. 2 (b) . The SEM of the samples suggests that the main variation of the transmission and reflection signals should occur at the first laser pulse. This assumption is confirmed by the time-dependent intensity measurements of the reflected and transmitted red probe laser light. The first laser pulse with a laser fluence of (750 ± 50) mJ/cm² induces a distinct reduction of the reflection signal intensity (see Fig. 2 (b) thin black line) and an increase in the transmission signal (see Fig. 2 (b) thick black line). The temporal behaviour of the intensity change of the transmitted and the reflected signals is complementary and can be characterized by a time constant that describes the time for the morphological changes of the thin film during the liquid phase. Hence, the transformation time t LF exp that mainly determines the modification time of the metal film can be deducted from the transmission and reflection signals and was determined for the applied laser fluence to be t LF exp = (300 ± 30) ns (see Fig. 2 (b) ). These experimentally measured transformation times of the thin film t LF exp are shown in Fig. 4 in dependence on the laser fluence . Furthermore, the second pulse induces a small reduction of the reflection and a small increase in the transmission signal. This small variation can be explained by the completion of the droplet formation process (see SEM image In contrast to the SEM and optical images, which appear similar, the transmission and reflection signals reveal small variations of the surface at N = 3; in particular, the reflection signal is almost constant and the transmission signal increases at ~ 8% in comparison to the signal after the second pulse. The further increase of the transmission signal can most likely be explained by a partial evaporation of the remaining surface modifications of the already exposed fused silica, e.g. thin chromium debris or modified fused silica. At higher pulse numbers (see Fig. 2 (a) N = 10) a reduction of the droplet density most likely induced by an evaporation process of the chromium can be found. In contrast to the experimental found  th eva (N=1) the theoretical ablation threshold  th eva* = ·z/R·(c·(T eva -293.15 K)+H eva ) (z: metal layer thickness, material parameter see section 4.) is with 278 mJ/cm² defined smaller than the experimental found value. That means, a partial evaporation of the chromium at higher laser fluences is most likely. Prolonged laser irradiation finally results in a complete evaporation of the chromium and in a nanostructuring of the fused silica surface.
Low fluence range
The droplet formation process requires a substantial higher number of laser pulses at low laser fluences. In Fig. 3 the optical microscopic (a) and the SEM images (b) are shown for different numbers of laser pulses with  = (480 ± 40) mJ/cm². In particular, the SEM measurements allow the monitoring of the stepwise development of the geometrical surface features (see Fig. 3 (b) ). The irradiation of the metal layer results in the formation of hole structures within the metal film where the hole radius increases with increasing laser pulse number. In addition, further laser pulses cause the formation of new holes. The maximum hole size increases with the pulse number as shown in Fig. 3 (c) (right) and the approximated value is d max = (8.3 ± 0.5) µm at the applied laser fluence. The limitation of the hole size is given by the dynamic of the hole development with the hole size density that increases with the pulse number and the individual hole size that is limited by the geometrical confinement of the hole size growth due to the collision of the hole rims. Hence, the pulse number of the encounter of two separated holes locally varies and can be found in the images for the first time at N = 5. After coalescence, the hole droplets are formed from the hole rims. An average droplet size of (0.8 ± 0.3) µm at N = 20 can be estimated from the SEM images.
Basically, the same behaviour of the hole development can be observed during optical microscopy (see Fig. 3 (a) ). The measurement of the hole sizes is not expedient due to the limited optical resolution and diffraction effects. However, the measured transmitted light distribution allows the detection of holes formation and especially the estimation of the ratio of uncovered to covered surfaces. At the first pulse the formation of small holes can be detected. Further irradiation results in the growth of the existing and the formation of new holes and droplets. Therefore, the ratio of bright (uncovered surface) and dark (covered surface) regions was calculated from the histogram of the greyscale images and is shown in Fig. 3 (a) (left). The transmission and reflection signals were measured, too. Similar to the high laser fluence results (see Fig. 2 (b) ), low laser fluence irradiation results in an increase of the transmission and in a reduction of the reflection signal during the time of laser-induced surface modification. The transmission signal intensity, which was measured after the resolidification of excimer laser-induced molten film (t >> liquid phase time t LF ), is shown in Fig. 3 (c) (left). The transmission signal T only slightly increases with increasing laser pulse number for N  8. For high pulse numbers (N > 8) the slope of the transmission T(N) is noticeably higher. The comparison of the transmission signal with the uncovered surface ratio (see Fig. 3 (a) (left)) suggests that the transmission signal increase can be explained by the dewetting process of the chromium. The estimation of the liquid phase life time t LF at low laser fluences that was performed similar to the evaluation of the transmission and reflection measurements at high laser fluences (see Fig. 2 The measured transformation time t LF in dependence on the laser fluence is shown in Fig. 4 (blue line) and can be fitted by a linear function very well:
with a slope coefficient of m = 0.63 ns/(mJ/cm²) and melting threshold  th,m = 212 mJ/cm².
Theory
To explain the laser-induced formation of metal nanostructures on fused silica, the mechanism must be considered and the involved processes should be simulated for comparison with the experimental results. At least two dominating processes must be considered for the physical discussion of the mechanism of the structure formation processes for laser irradiation of thin films: (i) laser absorption, materials heating, and heat dissipation including materials melting (heat equation) and (ii) mass transport in the liquid [26] . It is clear that both processes occur at the same time and affect each other; hence, they are strictly coupled. Supported by the experiments that clearly show a particular liquid phase life time at the end and after the laser pulse, the separation of the processes is assumed to simplify the calculations and to reveal straightforward correlations. Therefore, in this study the laser-induced nanostructuring was simulated under the assumption that the physical processes (laser-solid-interaction, liquid film interaction) can be regarded as decoupled.
(i) Laser absorption and heat dissipation (heat equation)
The absorption of the laser radiation leads to the heating of the chromium film and, due to heat dissipation, to the heating of the fused silica near the surface. The laser-induced temperature distribution can be calculated by solving
with T: temperature, Q: laser-induced heat source, r s = r s (x, y, z): spatial coordinate, ρ: density (M: metal layer, S: fused silica), c p : effective heat capacity at constant pressure including the effect of the phase transition, κ: thermal conductivity, α: absorption coefficient (1/α = 10.42 nm [24] ), Φ: laser fluence (a lateral homogeneous laser radiation was assumed), R opt : reflectivity (a constant reflectivity of 0.4 was assumed), t p : laser pulse duration (based on the measured laser pulse -time dependency a 20 ns long rectangular laser beam was assumed.). The irradiation at a sufficient laser fluence results in a partial melting and partial evaporation of the metal layer and of the fused silica surface, where the melting and evaporation enthalpy was regarded (see Tab. 1). The effect of the melting and evaporation enthalpy was considered by a variation of the effective heat capacity c p near by the melting and evaporation temperature. A detailed description of the phase transition in the heat equation can be found in e.g. [36] .
Eq. 2 was numerically solved using the finite element method (FEM) applying Comsol 4.1 [23] . The material parameters were taken from the material database of Comsol 4.1. Further information about the thermodynamic model used for the simulation can be found in Ref. [23] . The solution of Eq. 1 allows the estimation of the timedependent temperature distribution (see Fig. 4 a) and, further, the estimation of the liquid phase life time of the metal layer t LF Cr in regard to the melting temperature T m Cr (see Tab. 1). The t LF exp is defined by the time range Δt = t max -t min with the condition T(x = 0, z = 0, t) ≥ T m Cr with t min ≤ t ≤ t max (z = 0: metal layer -fused silica interface) (see Fig. 4 (a) ). The calculated liquid phase life time depends on the laser fluence and is shown in Fig. 4 (b) (red/white dots) for a 20 nm chromium layer on fused silica. Furthermore, the liquid phase life time can be analytically estimated by second-degree polynomial: (ii) Mass transport in the liquid (Navier-Stokes equation)
The laser-induced liquid metal layer exhibits a restructuring of the molten material induced by the surface energy of the liquid film. The restructuring process induces a dewetting process: it starts with a hole formation process and finally results in a droplet formation (see Fig. 2 and 3 ). This behaviour can be described by a kind of NavierStokes equation [28] : (4) with h = h(x # ,y # ,t # ): non-dimensional local film thickness scaled by mean thickness Δz, x # , y # : lateral coordinates scaled by the characteristic length  (see Eq. 5a, the time is normalized by  (see Eq. 5b) with Eq. 4 allows a description of the time-dependent topographic variations of the molten metal layer. This equation is solved using central difference in space and implicit backward difference formulas in time. For a more detailed description of the process see [26] . Eq. 4 allows the estimation of the dewetting process of 20 nm chromium on fused silica under the assumption of a Hamaker parameter of A ≈ 5.7  10 -19 J, correlation length l ≈ 0.0137 nm [33, 39] . In Fig. 5 the calculated hole diameter -time dependency is shown where the presented values are normalized; see Eq. 5a and Eq. 5b. The hole formation process was calculated up to the complete relaxation of the opening process (the dewetting and opening process is completed with the droplet formation process). 
Fig. 5 (black line) Estimated normalized hole diameternormalized time dependency using Eq. 4, (red line) analytic approximation of the theoretically predicted behaviour using Eq. 6a (left side).
The estimated d # (t # )-dependency can be described by an analytical function very well, see Eq. 6a (left side) and 
Under the assumption of the normalization, see Eq. 5a, b, the analytical function Eq. 6a (left side) allows the prediction of the hole diameter dependency on the time, see Eq. 6a (right side).
Furthermore, the analytical prediction of the d h (t) -dependency allows the estimation of the hole diameter dependency on the laser parameters taking into account the liquid phase life time -laser fluence dependency (see 
Discussion
The laser irradiation of the 20 nm chromium/fused silica system results in a transformation of the thin metal layer. The laser treatment process results in a melting of the chromium layer and the surface tension leads to a dewetting and a droplet formation process, respectively (see Fig. 2 and 3 ) for laser fluences higher than the melting threshold. The theoretical melting threshold  th m = ·z/R·(c·(T m -293.15 K)+H m ) based on the material parameter presented in the previous chapter is 42 mJ/cm² (z: metal layer thickness). The dewetting process starts with a hole formation (see Fig. 3 ). This process is described, e.g. for a 10 nm chromium layer on fused silica, in [26] . Amongst others, for the 10 nm Cr layer it was shown that the hole radius increases with increasing laser fluence and number of laser pulses. The nucleation of holes may occur due to local variations of film properties like the thickness of the film (roughness) due to the film grains, the strain of the film due to the film deposition, the heating, or the film composition. Further hole nucleation processes can result from bubble formation at the film SiO 2 -substrate interface due to evaporation or decomposition. Materials at the interface are different in structure and composition and are often more fragile. Therefore, laser heating can induce small bubbles that locally alter the film thickness and the thermal conductivity that may serve hole nucleation sites. Furthermore, the noise of the laser beam can also contribute to lateral temperature variations and induce hole nucleation. In addition, the metal layer deformation process can be influenced by tension waves. Besides the microscopic analyses of the resultant structures also the time-dependent reflection R and transmission signal T of the Cr/SiO 2 system were measured during and after the laser treatment. The analysis of the transmission and reflection signals allows the experimental identification of the laser-induced modification time range dependency on the laser parameters (see Fig. 2 (b), 4 (b) ). In Fig. 4 the experimentally determined time range was compared with the theoretically predicted liquid phase life time using a thermodynamic approach (see Eq. 2). The experimentally determined modification time is almost similar to the liquid phase life time at low laser fluences. However, at higher laser fluences  > 400 mJ/cm² the theoretically predicted liquid phase life time is distinct higher than the experimentally determined modification time. The transmission/reflection variation is mainly induced by the deformation of the metal layer and the deformation only occurs in the liquid phase state. That means, the experimentally determined modification time is defined by two different effects: the life time of the laser-induced liquid phase and the transformation time, especially the time which is necessary for the formation of metal droplets. At low laser fluences, the single pulse irradiation causes an incomplete metal droplet formation process (e.g. Fig. 3 ), that means, the experimentally determined modification time is mainly defined by the liquid phase life time. At high laser fluences, the single pulse irradiation results in the formation of metal droplets where in same cases residual chromium forms additional structures like metal bars. The additional components removed by further irradtion, see Fig. 2 . That means the experimentally determined modification time is mainly defined by the transformation time. Hence, the theoretically estimated liquid phase life time exceeds the experimentally determined transformation time at high laser fluences (see Fig. 4 (b) ). It is noticed that the decoupled approach regarding the dewetting process (separated calculation of the heat and Navier-Stokes equation) and non-regarding further energy loss mechanisms can also result in differences between the experimental results and the theoretically predicted values. For the estimation of the second limitation of the modification time -the transformation time -the considering of the time-dependent hole expansion process (see Eq. 6a and Fig. 5 ) using the Navier-Stokes equation (see Eq. 4) as well as the time-dependent transmission signal is necessary. The time-dependent transmission signal can be described by the ratio between the dewetting-induced exposed fused silica areas and the metal-covered areas. Based on the theoretically predicted behaviour of the liquid phase, the transmission T dependent on the laser parameters  and N and on the time t can be estimated by: The theoretically deduced transmission and hole diameter function allows a description of the experimental results. For example, the transmission signal at  = 750 mJ/cm² and N = 1 can be very well described with Eq. 7 (see Fig. 6 (a) ) under the assumption of effective material parameters: µ eff = 0.88  10 -6 kg/ms and  eff = 0.788 N/m and under the assumption of a complete droplet formation process at the first pulse. However, based on the SEM measurements (see Fig. 2 ) we know that two pulses are necessary for a complete droplet formation process, regarding the multi-pulse process effective parameters of µ eff = 1.02  10 -6 kg/ms and  eff = 0.788 N/m can be estimated. Due to the decoupling consideration of the laser -solid (Eq. 2) interaction and the mass transport in the liquid (Eq. 4) the usage of effective material parameters for the estimation of the temperature-dependent material parameters in Eq. 4 is necessary. In Fig. 6 (b) the effective viscosity µ eff and surface tension  eff dependent on the laser fluence  are shown. Both effective parameters decrease with increasing laser fluence. This effect can be physically explained by the temperature -laser fluence dependency (see Fig. 4 (a) ). The average temperature in the liquid phase increases with increasing laser fluence (see Fig. 4 (a) ). The surface tension can be described by:  = a -b  (T -T m ) (a = 1.7 N/m, b = 0.00032 N/(mK): material parameters, T m : melting point chromium) [40] . That means, a higher temperature T eff results in a lower effective surface tension. The effective surface tension is slightly smaller than the estimated surface tension  (T ave th ) of 1.18 N/m under the assumption of an average temperature T ave th (750 mJ/cm²) = 3820 K (see Fig. 4 (a) ).
However, due to the distinct non-linear dependency of the transmission (Eq. 7) and the diameter function (Eq. 6b) on the temperature (see Eq. 6a with Eq. 5a/b taking into account the (T) and µ(T) dependency) it is obvious that the value of the effective temperature T eff is not equal to the value of the average temperature T ave . The viscosity is distinctly dependent on the temperature, too. The viscosity can be described by µ ~ T 1/2  exp(E/kT) [40] . That means, the estimated viscosity -temperature dependency from Kaptay [41] predicts that the viscosity decreases with increasing laser fluence in agreement with the found behaviour of the effective viscosity. Furthermore, the calculated viscosity for chromium [41] at the temperature in the liquid phase (according [41] µ (3820 K) = 7.44  10 -6 kg/ms) is in the same order of magnitude than the assumed effective viscosity from approx. 1  10 -6 to 4  10 -6 kg/ms. In addition, also the transmission T -number of laser pulses N dependency can be described by Eq. 7. For example in Fig. 6 (c) , the T(N)-dependency at 480 mJ/cm² is shown and the experimentally found results can be described by Eq. 7 with a moderate conformity using µ eff = 3.8  10 -6 kg/ms and  eff = 0.82 N/m under the assumption of an effective liquid phase life time of t LF,eff = 169 ns (equal to the experimentally found value see Fig. 4 (b) ). Furthermore, the same effective parameter allows a very good description of the measured hole diameter d -time t dependency at 480 mJ/cm² (see Fig. 6 (d) ). Due to the very small variation of the transmission signal at low laser fluences and at low numbers of laser pulses (see Fig. 3 (c) ), the T(t) dependency is not suitable for analyses using Eq. 7. The transmission signal dependent on the time T(t) for single pulses especially at the first pulse (see Fig. 6 (a)) can be described by Eq. 7 very well, where the multi-pulse dependency T(N) (see Fig. 6 (c)) can be described with moderate results. This effect can most likely be explained by the decoupling adoption of the laser-solid interaction and the mass transport in the liquid. At the first pulse the laser radiation is absorbed by the homogeneous and flat metal film and the movement of the liquid can be excluded for the simulation during the irradiation. That means, the decoupling approach for T(t) at the first pulse works very well. However, for multi-pulse irradiation a distinct modification of the metal layer topography can be found (see Fig. 3 (b) ). That means, the T(N) estimation using the decoupling approach and the assumption of a homogeneous metal layer in the laser-solid interaction will most likely result in distinct differences to the measured T(N). The next expedient extension of the simulation will be the consideration of the laser radiation by the number of laser pulses dependent on the metal layer topography. This extension will most likely improve the results. However, the absorption of the laser radiation by a distinct metal structure induces a distinct temperature profile and due to a temperature-dependent material parameter the temperature distribution results in a mass flow. That means the coupling of the heat equation (laser-solid interaction and heat diffusion) with the Navier-Stokes equation is necessary to describe the physical effects. Beside the time dependency, the usage of effective parameters also allows the estimation of the geometry of the resultant structures. The resultant droplet size can be estimated by [42] :
That means, under the assumption of effective material parameters a droplet size of ~ 2 µm for low (480 mJ/cm²) and high laser fluences (750 mJ/cm²) can be estimated. The theoretically calculated droplet size is higher than the experimentally found values of ~ 0.9 µm (see Fig. 2 and 3) . This difference can most likely be explained by a laser-induced minor partial evaporation of the chromium. The evaporation effect is distinctly visible at high numbers of laser pulses (see Fig. 2 (a) ). At  = 750 mJ/cm² and N = 10 a small reduction of the droplet density and droplet size and at N = 100 a complete removal of the chromium can be detected. Beside the estimation of the liquid phase life time, the optical measurement allows also the estimation of the time-dependent hole radius r h (t) as well as the velocity of the hole expansion v h (t) = dr h /dt. Under the approach that the hole expansion process is finished after the first pulse at high laser fluences like  = 750 mJ/cm² (see SEM Fig. 2 (a) ) and that the resultant droplet diameter is distinct smaller than the average hole distance of the centre points, it is: r h (t  ) = . Based on this approach the t h (t) dependency can be estimated from the T(t) measurement using Eq. 7. In Fig. 7 (red line) the r h (t) in units of  is shown for N = 1 and a laser fluence of  = 750 mJ/cm². The dependent transmission measurement is shown in Fig. 6 (a) . Taking into account the effective material parameters for  = 750 mJ/cm² (see Fig. 6 (b) ), a  of 6.6 µm can be estimated. Furthermore, the derivation of r h (t) taking into account the estimated  allows the calculation of the velocity of the hole expansion and of the metal edge, respectively. The velocity increases during the irradiation and directly after the laser pulse a maximum velocity of ~ 40 m/s can be determined. After the irradiation the velocity decreases. The red dots represent the theoretically predicted r h (t) dependency using Eq. 6a taking into account the effective material parameters where the starting point of the hole opening process was set 10 ns after the laser pulse to improve the agreement between theory and experiment and considering the heating up of the metal. At the beginning of the transformation process up to ~ 75 ns after the start of the laser pulse the theory presents a good agreement with the experimentally estimated r h (t) behaviour. After that a distinct divergence between the theory and the experimental results can be found. After the laser pulse a cooling down of the liquid film (see Fig. 4 (a) ) results in an increasing of the viscosity of the liquid film and, finally, in a deceleration of the hole expansion. However, this effect is not included in the theoretical prediction, where a constant effective temperature was assumed and can explain the differences between the theory and the experimental results. Further, due to the non-observance of the cooling down the theoretically predicted expansion time t s th = t s th (r h = /2) is t s th ≈ 175 ns and distinct smaller than experimental value of ~ 375 ns. That means, the decoupled approach of the process (separated regarding of the heat and Navier-Stokes equations) results in an underestimation of the real metal droplet formation time (see Fig. 7 ). The next logical step for a better theoretical description of the process is a coupling of the both differential equations. Furthermore, the derivation of the theoretical r h (t) curve allows the prediction of the velocity v h (t) (see Fig. 7 ; black dots: first derivation of the theoretically predicted r h (t)). The theoretical v h (t) curve does not describe the experimentally found behaviour very well. Especially the theory curve does not include the increasing of the velocity during the irradiation. Furthermore, at the beginning of the hole expansion process the theoretically predicted velocity is smaller up to t ~ 50 ns and after that the predicted velocity is above the experimentally estimated values.
Conclusions and Outlook
The dynamics as well as the resulting structures of the laser-induced nanostructuring by means of nanosecond laser pulse irradiation of a thin chromium layer on fused silica were studied. The results of the time-resolved optical transmission measurements clearly show that in addition to the finally achieved morphology of the nanostructured thin film, the dynamics of the processes depend on the laser parameters (, N), too. The experimental results (e.g., liquid phase life time and hole expansion velocity) were compared with a theoretical model, where the process was estimated under the assumption of a decoupling of the laser -solid interaction and the mass transport in the liquid. The experimental results can be well simulated by the theoretical approach using laser fluence dependent effective material parameter. Hence, an optimization of process parameters based on the simulation can be initiated at this stage. However, some effects like the hole radius dependent on the time can be limited described by the theoretical approach. Therefore, the coupling of both differential equation systems is most likely helpful to improve the significance and reliability of the results. Hole nucleation processes should be included into the model and may improve the hole formation simulation. Furthermore, the proposed mechanism does not consider all possible contributions to the thermal and hydrodynamic processes but includes the most important ones from the current understanding. A more detailed model should consider additional processes. For the heat exchange of the system such processes are the energy dissipation by ablation or evaporation products, the heat loss by electromagnetic thermal radiation, the generation of mechanical energy due to acoustic waves, or mechanical processes as well as heating. For the energy redistribution of internal energy of the system the nucleation of holes in the film, the surface energy alteration due to dewetting, and viscosity changes can be considered. In addition, chemical reactions such as decomposition, oxidation, or structural changes such as crystallization can contribute to the heat balance. Further, it can be expected that the simulation may allow the prediction of metal nanostructured patterns induced by a melting and transformation process. In particular, this method may allow the prediction of parameters required for the fabrication of desired nanostructures by laser-induced nanostructuring of thin films. After further refinements it can be applied for the production of periodic sub-µm metal structures using periodic laser beam profiles [42] or even more complex sub-µm structures, e.g. doughnut structures for infrared applications, by locally tuning the processing parameters. In the future, the simulation has to be tested and verified with different metal/dielectric systems.
